Background: Heart rate reserve (HRR) has been reported to be inversely associated with cardiovascular (CV) disease and death. The impact of physical fitness (PF) on this relationship has not, however, been described in detail. We investigated how different levels of PF influenced the association between HRR and CV death during a 35-year follow-up. Methods and results: HRR and PF were measured in 2014 apparently healthy, middle-aged men during a symptomlimited bicycle exercise test in 1972-75. The men were divided into tertiles (T1-T3) by age-adjusted HRR. Morbidity and mortality data were registered from hospital charts through 2007 and the Norwegian Cause of Death Registry. Adjusted Cox proportional hazard regression models were used to calculate risks. Incidence of CV death was 528 (26%) during median 30 years of follow-up. Men with the lowest HRR had 41% (HR 1.41 [1.14-1.75]) increased risk of CV death compared with the men with the highest. We found a significant interaction between age-adjusted PF and HRR. After stratifying the men by PF, results were statistically significant only among men with the lowest PF, where the men with lowest HRR had a 70% (HR 1.70 [1.12-2.67]) increased risk of CV death compared with the men with the highest. Conclusions: Low HRR was independently associated with increased risk of CV death in apparently healthy, middleaged men. The predictive impact of HRR on CV death risk was, however, confined to unfit men.
Introduction
The increment in heart rate (HR) from rest to peak during maximal exercise, termed heart rate reserve (HRR), predicts cardiovascular (CV) disease and death; hence, measurement of HRR could improve CV risk stratification. 1 We have previously shown that physical fitness (PF) is a significant predictor of CV disease and death, and that HRR and PF are correlated. 2, 3 HRR and PF may, therefore, convey similar physiological information. The predictive abilities of HRR and PF on CV disease and death may not be independent of each other. Whether there is an interaction between HRR and PF in this context has, to our knowledge, not been studied before.
The main aim of the present work was to investigate the possible association between HRR and risk of CV death among 2014 apparently healthy middle-aged men during long-term (35 years) follow-up. Secondly, we tested to see if there was an interaction between HRR and PF in CV risk estimation; we also investigated possible associations between HRR and future CV death within subgroups of men according to their PF level. Finally, we tested possible associations between HRR, PF, and coronary heart disease (CHD).
Methods

Study population
The Oslo Ischemia Study consists of 2014 apparently healthy men aged 40-59 years who were recruited from five governmental institutions in Oslo during the years 1972-75. 4 All men gave their informed consent before inclusion. None were treated with heart rate-lowering drugs. Further details about selection procedures and exclusion criteria have been presented elsewhere. 2, 4, 5 Examinations All participants underwent standardized clinical examinations, blood tests, chest x-ray, resting ECG, and a symptom-limited bicycle exercise ECG test at inclusion in 1972-75. Detailed family history of CHD was registered in questionnaires. Resting HR was measured after a standardized period of supine rest. All participants performed a standardized bicycle exercise ECG test and were examined by the same physician (J.E.). The initial workload was 6 minutes at 100 W, increased by 50 W every 6 minutes. The exercise tests were continued until a heart rate of at least 90% of the maximal predicted heart rate (MPHR) was reached unless specific symptoms or signs necessitated a premature termination. If an individual seemed physically fit despite his reaching 90% of MPHR þ10 bpm at the end of one load, he was encouraged to continue as long as possible on the next load, that is maximally for an additional 6 minutes on a higher load. 6 Exercise testing was repeated within 2 weeks in 130 of the participants and showed high reproducibility for heart rates and working capacity between the two tests, within AE5% in 90% of the men, and within AE10% in all of them. HR was measured every second minute throughout the test. Peak exercise HR was recorded just before termination of the test and age adjusted according to the age-dependent peak exercise HR decline found in our material. HRR was registered as the increment from resting HR to age-adjusted peak exercise HR, and age-adjusted HRR was used in all further statistical calculations. PF was defined as the total bicycle exercise work (Joules), calculated as the sum of work at all workloads divided by body weight (kg). Measurements of PF were age adjusted according to the age-dependent decline in PF found in our material, and age-adjusted PF was used in all further statistical calculations. Further details about HR and PF measurements have also been presented previously. 3 
Follow-up
Morbidity and mortality data were consecutively obtained from three clinical surveys in 1979-82 (Survey 2), 1989-90 (Survey 3), and 1994-95 (Survey 4), one questionnaire survey in 1987, and two nationwide searches of patient records from all Norwegian hospitals in 1995-96 and in 2005-08 with permission from relevant authorities. Mortality data was obtained from the Norwegian Cause of Death Registry. All morbidity and mortality data are complete up to 1 January 2007, and none of the participants were lost to follow-up.
End points
The main end point in the present study is CV death, consisting of fatal myocardial infarction, sudden cardiac death, stroke (cerebral infarction or hemorrhage), pulmonary embolism, or aortic disease. The secondary endpoint is CHD, consisting of angina pectoris, nonfatal myocardial infarction, or death from CHD. Angina pectoris was defined as typical angina symptoms and documented use of nitroglycerin. Most men with angina also had objective signs of exercise-induced ischemia during follow-up examinations. Acute myocardial infarctions and strokes, diagnosed in conjunction with major surgery, were not included. The interval between CV events had to exceed 6 months to count as separate events. Only the first event of a specific disease was counted.
Statistical methods
All statistical calculations were performed by SAS JMP 9 software. Kendall rank test was used to assess correlation (trend) between HRR-tertiles and clinical characteristics of participants. The risks of end points in HRR-tertiles were estimated by Kaplan-Meier plots and tested with log-rank tests. Cox proportionalhazard modeling was used when calculating hazard ratios. Significant variables in univariable analyses (p < 0.05) were entered into multivariable analysis. A succession of adjusted survival models were examined: univariable for baseline age; multivariable model 1, for the conventional CV risk factors (smoking, total cholesterol, and resting systolic blood pressure [SBP]); and multivariable model 2, for PF in addition to model 1. Statistical interactions between HRR and PF were tested by adding the interaction term of HRR and PF in the regression models. Finally, the men were stratified into three groups by PF before re-analysis of hazard ratios (univariable and multivariable model 1) between HRR-groups corresponding to the original HRR-tertiles. The same adjustment models, interaction analyses, and stratifications were used for all end points to obtain comparable results. Models were also tested after exclusion of men who exhibited ischemia during the exercise test by developing ST-depressions of more than 2 mm or chest pain. 7, 8 Results
Characteristics of participants
Average age at baseline was 49.7 years, and 882 men (43.8%) were current smokers. Average resting HR was 61.4 (AE8.75) beats per minute (bpm) and average HRR was 101.4 (AE6.22) bpm. High HRR was correlated with high levels of age-adjusted physical fitness and inversely correlated with prevalence of smoking, SBP, and SBP at 100 W (SBP100W). There were no significant differences in age or serum cholesterol between the HRRtertiles. Levels of hemoglobin were significantly lower and BMI higher in increasing HRR-tertiles, but none of the groups stood out as anemic or overweight. Time to event was inversely correlated with HRR among the 528 men that died from CVD and the 754 men who developed CHD (Table 1 ). Crude incidence of CV death among the 2014 men was 528 (26%) and CHD 765 (38%) during follow-up of up to 35 years (median, 30 years) comprising 60,420 person years of follow-up until death or end of observation period after baseline (Table 3 (later) and online Supplementary  Table S3 ).
Predictors of CV death and statistical interaction
HRR was a significant predictor of CV death and CHD, both in univariable and multivariable analysis ( Table 2 and online Supplementary Table S1 .1). PF was a significant predictor of CV death and CHD in univariable and multivariable analysis without HRR included (data not shown), but HRR cancelled out PF when both were entered together into the multivariate model. We found significant statistical interactions between HRR and PF in prediction of CV death Supplementary Table S2 ). After stratifying the men by PF, HRR was a significant predictor of CV death and CHD in men with low PF, but not among men with intermediate or high PF (Table 3 and online  Supplementary Table S1 .2).
Survival and relative risks
Survival free from CV death and CHD decreased with decreasing HRR among the 2014 men and in the stratum of 677 men with lowest PF, as shown in Figure 1 and online Supplementary Figure S1 . There were no differences in survival free from CV death or CHD between the HRR-groups in the strata of men with intermediate or high PF (data not shown). Relative risks of CV death and CHD increased with decreasing HRR-tertiles (Table 4 and online Supplementary Table S3 ). In the lowest HRRtertile, T1, the risks of CV death and CHD, respectively, were 68% and 42% higher than in the highest HRR-tertile, T3, after adjustment for age and 41% and 25% after further adjustment for systolic blood pressure, smoking status, family history of CHD, and cholesterol. Similar increases in risks of CV death and CHD, respectively, were shown among men with lowest PF. Risks in the low compared with the high HRR-group were 77% and 47% higher, after adjustment for age, and 70% and 39% (borderline significant p ¼ 0.0560) higher after multiple adjustments. However, among the men with intermediate or high PF, there were no trends towards differences in risks of CV death or CHD between the HRR-groups.
Sensitivity analyses
Coronary ischemia was detected in 91 men during the baseline exercise test. Relative risks of CV death among the HRR-tertiles and in the HRR-groups after stratification by PF remained unchanged after exclusion of these 91 men (Table 4 ). There was, however, only a borderline significant trend towards an unfavorable risk of CHD in the low HRR-tertile, and no significant trends towards CHD risk differences in the HRRgroups after stratification by PF.
All results presented were calculated after individual age adjustment of HRR and PF. When unadjusted HRR and PF were used in the same regression models, the estimated effects were slightly stronger (data not shown).
Several other possible predictors of CV death, including fasting blood glucose, hemoglobin, systolic blood pressure at 100 W workload, 1 second forced expiratory volume and body mass index were introduced into the multivariable analysis, in addition to the model described earlier, to evaluate the potential impact on results. The results were only altered marginally, and none of the additional adjustments changed trends in risk differences between HRR-tertiles significantly. No significant association was found between HRR and cerebrovascular disease, defined as fatal/nonfatal stroke (cerebral infarction or hemorrhage) or transient ischemic attack (data not shown).
Discussion
We investigated a possible association between HRR during maximal exercise and long-term (35 years) risk of CV death and the impact of PF on this association among 2014 apparently healthy middle-aged men followed for more than 60,000 person-years. We confirmed that HRR was a significant long-term predictor of CV death after adjustment for classic CV risk factors. The new finding was a significant interaction between HRR and PF on CV death risk assessment, and after stratifying the participating men by low, intermediate, or high PF, the predictive abilities of HRR were confined to the group of men with low PF. Similar findings were detected when separately assessing CHD risk.
Potential pathophysiological mechanisms
The ability to increase cardiac output during exertion depends on the ability to increase stroke volume, HR, or both. During maximal aerobic exercise in healthy humans, maximal oxygen uptake increases about 4-fold (2.2-fold increase in HR, a 0.3-fold increase in stroke volume, and a 1.5-fold increase in arteriovenous oxygen difference). 1 Hence, individuals with a subnormal ability to increase HR must compensate by increasing stroke volume and oxygen extraction to meet increasing oxygen demand of tissues on exertion. It seems plausible that those with good physical fitness despite low HRR must have high ability to increase arteriovenous oxygen difference and/or stroke volume and are in better CV health than those unable to compensate. On the other hand, individuals who exhibit both low PF and low HRR must either have very low HRR, impaired ability to increase stroke volume and/ or arteriovenous oxygen difference, or inability to increase all of these parameters, which have all been shown to be independent CV disease and death risk factors in a large number of other studies and are common in patients with CHD and heart failure. 1, [9] [10] [11] [12] Ellestad and Wan found that patients without detectable ischemia but with low HRR had a 4-fold greater incidence of CHD than did those with normal HRR during merely 4 years of follow-up. 13 We found a significant trend towards shorter observation time to CHD among men with low HRR than among men with intermediate or high HRR. However, when excluding 91 men with detected ischemia during exercise testing, there were only borderline significant CHD risk differences among the HRR-tertiles and no risk differences among the corresponding HRR-groups in any PF stratum, suggesting that preexisting CHD among men with low HRR could be the main cause of CHD risk differences observed in our study population. On the other hand, the borderline significant risk differences could reflect insufficient statistical power in our CHD risk analyses. We also found a trend towards shorter observation time to CV death among men with low HRR than among men with intermediate or high HRR. When excluding the 91 men with detectable ischemia at baseline, the risks of CV death among the HRR groups remained unchanged, suggesting that pathophysiological pathways other than preexisting CHD cause the CV death risk differences observed. Resting HR is modifiable by endurance training and is, to a large degree, age independent. A low resting HR is associated with a high level of physical fitness (PF), and we have previously shown that high PF is associated with low CV death risk. 2, 3 Still, there is no association between resting HR and CV death in our material (data not shown). Maximal HR, which is not modifiable by endurance training and largely age dependent, is significantly associated with CV death risk in our material, but we see no significant interaction between age-adjusted maximal HR and PF as CV death predictors (data not shown). Despite this, HRR and PF interact to a highly significant degree as CV death predictors, and HRR predicts CV death and CHD only in men with low PF.
HRR reflects the complex interaction between the autonomic nervous system (ANS) and the cardiovascular system during exercise. Resting heart rate is mainly determined by parasympathetic activity, whereas increase of heart rate during exercise is determined by vagal withdrawal and sympathetic activation. Thus, a low HRR could be caused by a preexisting imbalance in the ANS or an inadequate heart response to an adequate ANS input. Jouven et al. found that subjects with low HRR had increased risk of sudden-CHD death, but not of non-sudden CHD death, in a 25 year follow-up study of 5713 asymptomatic men. This and other studies indicate that autonomic imbalance, for example as revealed by low HRR, might be associated with proneness to develop lethal arrhythmias. [14] [15] [16] Despite this, we found that HRR did not predict CV death or CHD among men with intermediate or high PF. One way to interpret this difference among the PF strata is that autonomic imbalance caused by subclinical heart disease is more likely to impact PF than autonomic imbalance of other origin. It could also reflect that CV-protective effects of PF above a certain level cancel out unfavorable effects of autonomic imbalance or the effect of protective confounders associated with high PF, such as increased glucose metabolism, healthy diet, low alcohol consumption, and regular sleep, which have not been adjusted for in our statistical analyses.
Clinical relevance
Results of the present study add to the growing amount of evidence that autonomic imbalance, for example as revealed by measurement of HRR during exercise testing, is an important cardiovascular risk predictor, and that the added use of PF amplifies the predictive value of HRR on severe heart disease. Heart rate response to maximal exercise is easily measured during exercise testing and allows self-assessment during endurance training using commonly available HR and exercise monitoring equipment. We suggest that the combination of HRR and PF can be used to better target individuals at high CV risk and in greater need of primary preventive treatment. We have previously shown that added use of exercise data to classic risk factors increases the precision of CV risk models. 17 It is possible that use of HRR and PF could improve the accuracy of CV risk prediction, for example by re-classifying individuals from medium to high CV risk.
Strengths
The present study is prospective in design, and all data sets are complete with none lost to follow-up. We have no work-up bias, and all event data are on the basis of complete hospital records and cause-specific death records. All men were healthy and free of drugs, and the study group has not interfered with treatment in case of disease. The reproducibility of our exercise data was verified by a re-examination of 130 participants within 2 weeks of the initial examination and, as described earlier, reproducibility for heart rates and working capacity between the two tests was within AE5 % in 90% of the men and within AE10% in all of them. PF, as defined in the present study (total exercise work divided by body weight), has been shown to be highly correlated with maximum oxygen uptake, which is the most accepted measure of PF. 18, 19 Limitations A recent study indicates that predicted maximal HR underestimates true maximal HR in middle-aged and older persons. We cannot rule out that this and intravariability in exercise capacity and responses in some participants could have influenced the results. 20, 21 Our cohort consists of middle-aged white men who were healthy and employed full-time at inclusion and our findings cannot necessarily be generalized to individuals of other ages, ethnicities, or genders. Neither can our findings be applied in the setting of significant comorbidity and/or chronic drug use.
Conclusions
Low HRR was independently associated with increased risk of CV death in apparently healthy, middle-aged men. The predictive impact of HRR on CV death risk was, however, confined to unfit men.
